KSME

@ Springer

Journal of Mechanical Science and Technology 37 (10) 2023

Original Article
DOI 10.1007/s12206-023-0908-5

Keywords:

- Control methods

+ In-pipe inspection

- In-pipe robot

- Localization

- Normal force estimation
- Posture control

- Tracking algorithms

Correspondence to:
Hyun Seok Yang
hsyang@yonsei.ac.kr

Citation:

Park, J., Yang, H. (2023). Pipeline map-
ping with crawler-type in-pipe robot fea-
ture. Journal of Mechanical Science and
Technology 37 (10) (2023) 5015~5020.
http://doi.org/10.1007/s12206-023-0908-5

Received  April 12th, 2023
Revised  May 16th, 2023
Accepted June 22nd, 2023

+ Recommended by Editor
No-cheol Park

© The Korean Society of Mechanical
Engineers and Springer-Verlag GmbH
Germany, part of Springer Nature 2023

Pipeline mapping with crawler-type in-
pipe robot feature

Jungwan Park' and Hyunseok Yang?

1Hyundai Motor Company Institute, Hwaseong-si, Gyunggi-do 18280, Korea, 2School of Mechanical
Engineering, Yonsei University, Seoul 80309, Korea

Abstract In-pipe robots have become popular, allowing for non-destructive testing, visual
inspection, and cleaning. In-pipe inspection is crucial for maintaining pipeline integrity, but it is
difficult for humans to access pipelines and perform checks. This article focuses on an in-pipe
robot navigating various pipeline structures and diameters. It consists of a center module, a
tracking module, and an active pantograph mechanism. The hardware components, such as
the motorized gear train, screw, pantograph mechanism, springs, track module, and angular
sensors, are discussed. Additionally, the control methods employed by the robot, including
normal force control and posture control, are explained. Finally, the tracking algorithms used to
estimate the robot's position and direction within the pipeline are presented.

1. Introduction

In-pipe inspection is a critical process for assessing and maintaining the integrity of pipelines.
Due to their complex and narrow internal structures, it is challenging for humans to access
pipelines and conduct inspections manually. In-pipe robots have emerged as an innovative
solution for pipeline inspection, offering the ability to perform non-destructive testing, visual
inspection, and cleaning [1-12]. In-pipe robots come in different configurations and are
equipped with sensor systems to inspect pipes. One commonly used type is the wall-pressed
crawler, which uses tracks to maneuver through pipes [1-7]. This type of robot has specific
mechanisms that provide a reliable traction force, making it easier to move through vertical
pipes. This feature is advantageous for in-pipe inspections.

The pipe mapping methods using robots are usually based on simultaneous localization and
mapping (SLAM). SLAM is helpful in tracking a robot’s trajectory, but it is challenging for in-pipe
robots to obtain precise location information. Pipelines are similar in shape, making it challeng-
ing to find landmarks, and it is difficult to get external location information, such as the global
positioning system (GPS), because they are mostly buried underground. Therefore, some re-
searchers have been focused on sending location information from outside [13, 14]. Visual
SLAM has also been studied widely to find landmarks using visual sensors inside or outside a
pipeline [15-17]. SLAM with visual sensors also has been researched widely. Dead reckoning
estimates an object's current position and orientation based on its movement without absolute
location information. The inner space of a pipeline is a suitable environment for dead reckoning,
so much research has been studied [18-20]. However, it is vulnerable to directional drift, which
can lead to significant errors if the pipe's axial direction and the pipe robot's heading angle are
not aligned.

This paper focuses on an in-pipe robot that can navigate horizontal, vertical, bent, and
branched pipelines with diameters ranging from 250 to 400 mm. The robot is equipped with a
center module, a track module, and an active pantograph mechanism. This chapter introduces
the robot's hardware components, including the motorized gear train, screw, pantograph
mechanism, springs, track module, and angular sensors. The control methods employed by the
robot, namely normal force control and posture control, are also discussed. The text concludes
with an overview of the tracking algorithms used to estimate the robot's position and direction
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within the pipeline.

2. In-pipe robot

Fig. 1 shows the developed in-pipe robot consisting of three
parts: a center module, a track module, and an active panto-
graph mechanism. The four pantograph mechanisms and the
track modules are symmetrically located on the center module.
The center and track modules are equipped with a control unit
and communicate with each other via the control area network
(CAN) protocol. The robot can maneuver horizontal, vertical,
bent, and branched pipes with diameters ranging from 250 to
400 mm by widening and shortening the length of the panto-
graph mechanism.

2.1 Hardware

The center module is equipped with a motorized gear train
that drives a screw having both right and left-handed threads,
as shown in Fig. 2. As the motor rotates the screw, the screw
nuts connected to both ends of the pantograph move closer or
farther apart, thereby controlling the length of the pantograph.
The pantograph mechanism moves radially, ensuring no distor-
tion force appears while expanding or contracting the mecha-

Pantograph

mechanism Track
Module

Center

module Angular

sensor

Inertial /

Measurement
L Unit

Fig. 1. The overview of developed pipe robot.

Gear train

Fig. 2. The structure of center and track modules.

nism [7]. The springs are installed between the open ends of
the pantographs and nut screws in the center module to pro-
vide the mechanism with compliance for uneven inner surfaces
of a pipeline. The track module is attached at the closed end of
the pantograph with free rotation joints and has several idle
pulleys to maintain proper traction on uneven surfaces. Angular
sensors are located at both ends of the pantograph to detect
the angle between the pantograph's link and the center or track
module.

2.2 Control methods

The robot uses two control methods while traveling in pipe-
lines: normal force control and posture control. Fig. 3 shows
the quasi-static analysis when the track module pushes the
inner wall of a pipe. The relationship between the normal force
and the compression of the suspension spring in the center
module is expressed by Eq. (1), where N is the normal force
between the inner wall of the pipe and the track module, F, is
the spring force, and 6, is the angle between the pantograph
and the center module, which is detected by the angular sen-
Sor.

s

F =%Ntan0,. 1)

The normal force can be calculated if the compression
forces of the springs are known. The position of the ends of the

O

Pren®  Loping

.

(b)

Fig. 3. Position analysis with (a) no-load; (b) load conditions.
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pantograph with uncompressed springs is computed by Eq. (2),
while the position with compressed springs is expressed by Eq.
(3). The stiffness of the spring is known, and the normal force
can be estimated by Eq. (4).

wotoad = Lierew — Preren® — Lsprmg (2)
Ly = Ly €086, 3)
N =200t 0K, (L, = Pryen® = Ly = Ly 0056, - )
Here, L., P....» ahd © are the halflength, pitch, and

revolute angle of the screw, respectively. L . is the length
of the spring with a no-load condition, while L,, is the link
length of the mechanism.

For successful travel, the robot's heading direction should
align with a pipeline's axial direction. If the directions are not
aligned, the robot may lose the proper posture for traveling and
could be unable to move. Fig. 4 illustrates the posture of the
robot when it is misaligned with the axial direction of a pipe.
Although the robot's pose is misaligned, the track modules
maintain contact because they rotate freely about the panto-
graph mechanism. The rotation angle of the track module, 6,
is detected by the angular sensor attached to the closed end of
the mechanism. Fig. 5 shows the schematic of posture control.
All the track module rotation angles are compared with the
average angle and increase or decrease each track’s velocity
to maintain the same angle and proper posture. This method
ensures that the robot stays aligned with the axial direction of
the pipe and can maneuver in pipelines, including shrink or
expanding pipes, without preliminary information.

€ Faster

Heading direction C °)

<::UI Slower

Fig. 4. The concept of the posture control.
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Fig. 5. The block diagram of posture control.

3. Tracking algorithms

Dead reckoning is an estimation method to determine a
moving object's current orientation and position. As most pipe-
lines are buried underground, and it is difficult to obtain global
position data, the dead reckoning system is usually used to
estimate the trajectory of an in-pipe robot. However, dead
reckoning is vulnerable to directional drift. Since the robot can
travel misaligned with the direction of a pipe, directional drift
can occur, and estimated errors caused by the drift could in-
crease with the traveled distance. Therefore, detecting the
axial direction of a pipeline is necessary to reduce the effect of
the drift.

If a coordinate system with the robot's center of gravity as the
origin is set, as shown in Fig. 6, the speed of each track and
the rate of change in the robot's direction can be expressed as
follows. Hence, the Jacobian of the robot can be defined as Eq.

(5).

1 1 1 1
—cosf, —cosf, —cosf, —cosb,
4 4 4
. 1. 1.
X ——siné, 0 —siné, 0
. 4 4
y 1 Vi
z| 0 —Zsin@,2 0 sind, || v,
ol v
B cos 6, _cosf), Va
L7] 4L, 4L,
0 cosd, _cosb,
i 4L, 4L,
[J
Y
LJ.

Here, x, y,and z are translations along with each axis.
o, B and y are the angles rotated around the X, Y
and Z axes, respectively. v is the velocity of a track module,

Fig. 6. The coordinate system on the robot.
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L is the length from the center of the robot to a track module,
and the subscription implies the number of each track module.
The matrices J, and J, are Jacobian about translation and
angular motion.

Assuming no obstacles are inside the pipe, the front and rear
pulleys of the track module are always in contact with the
pipe's inner wall. If a cylinder that passes through the location
of all the contact points can be found, information about the
pipe can be obtained. However, the number of cylinders pass-
ing through the designated points in space is so large that find-
ing one cylinder defining the current pipe is impossible [21].
Therefore, the actual location and direction of the pipe are es-
timated through simple assumptions. It is assumed that the
orientation of the pipe is rotated around the Y axis and Z
axis in the coordinate system. This assumption is valid be-
cause the pipe is cylindrical, so it can be ignored to turn around
the X axis. Since the robot's track modules are located 90
degrees apart around the center module, those exist on the
axis of the coordinate system, and rotation for each axis will be
reflected in the rotation angles of the track modules. The axial
direction of the pipe can be assumed as follows:

o
IB:E(QH _erl) 6)
~ 1

7/:5(9:‘2 _9r4) (7)
n=[cos Bcosy siny —sinBcosy] . (8)

n is the axial direction of the pipe, and notation 7' means
the transpose. Since the robot's movement will take place
along the n, the acceleration of the robot must also be equal
to the vector n . Let the state vector be denoted as X, ac-
cording to Eq. (9). Vector p, v, a,q, ®,and b represent
the position, velocity, acceleration, rotation angle, the angular
velocity of the robot, and bias of the accelerometer, respec-
tively. The state space equations are given by Egs. (10) and
(11), where F, J, I', and H represent the system, input,
disturbance input, and output matrices, respectively. The dis-
turbance, jerk, is expressed as j. The matrices are deter-
mined as Egs. (12)-(15). [ x] is the notation for Rodrigues'
formula.
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4. Experiments

Fig. 7 illustrates the test bed, consisting of straight and 90-
degree bent pipes. An IMU attached to the pipeline's center
detects the robot's accelerations and rotations. Figs. 8 and 9
depict the estimated trajectory of the robot without and with
modified acceleration, respectively, assuming the axial direc-

Fig. 7. The experimental pipeline.

-1.5
y[m]

x [m] 2 -2

Fig. 8. The estimated trajectory using pure dead reckoning.
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Fig. 9. The estimated trajectory with modified acceleration.
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Fig. 10. Position and direction error.

tion of a pipe. Fig. 10 shows the position and direction error
between the pipe and the estimated trajectories. The position
error’'s root mean square (RMS) increased from 15.89 to 16.73.
This indicates that the method's position estimation without
using the corrected acceleration value crossed the actual posi-
tion, resulting in improved error. The RMS of the directional
error has significantly reduced from 109.62 to 87.26. Consider-
ing that the effectiveness of directional drift increases with the
travel distance, estimating from pipelines longer than the ex-
perimental environment can lead to significant improvements in
estimation accuracy.

5. Conclusions

In this paper, we explained how to control robots that can
pass through pipes of various shapes and sizes and suggested
ways to improve the path estimation method by obtaining the
robot's Jacobian and estimating the pipe's direction. We proved
through experiments that there was a slight improvement even
in a short pipeline due to space constraints. Considering that
the error accumulation by drift increases with longer travel dis-
tances, the results of this paper are expected to contribute to

improving the estimation of the trajectory of an in-pipe robot.
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